This paper investigates the accuracy of rainfall estimates from C-and X-band weather radars and their application for stream flow simulation. Different adjustment procedures are applied to raw radar estimates using gauge readings from a network of 12 raingauges. The stream flow is simulated for the 48.17 km 2 Molenbeek/Parkbeek catchment located in the Flemish region of Belgium based on a lumped conceptual model. Results showed that raw radar estimates can be greatly improved using adjustment procedures. The gauge-radar residuals however, remain large even after adjustments.
INTRODUCTION
Use of simulation models to understand, design, forecast and manage water resources is a common practice. These models naturally require rainfall as a primary input (Segond et When few data of adequate spatial and temporal resolution are available, rainfall is assumed to be uniformly distributed over the catchment (Vaes et al. ) . Such ignorance of the spatial rainfall variability is in many current modelling applications, the major source of uncertainty in model-derived information (Willems ; Willems & Berlamont ) . Traditionally, hydrologists seem to be more interested in the development of sophisticated hydrological models or local models that suit local surface and subsurface conditions than to investigate space-time variability of rainfall and subsequent development of improved techniques to capture that variability (Berne et al. ) . Rather, better understanding and accurate quantitative estimation of the rainfall input is required for improving the accuracy of simulated events in such models (Goudenhoofdt & Delobbe ) . The advantage of using a finer resolution (spatial and temporal) rainfall field in simulation models of water systems is well known. Some recommendations regarding spatial and temporal requirements of rainfall input for such models can be found in the literature. Schilling () proposed a temporal resolution of 1-5 minutes and a spatial resolution of 1 km for sewer modelling. Berne et al. () suggested a temporal resolution of 5 minutes and a spatial resolution of 3 km. Jacquet et al. () proposed a spatial resolution of 2 km. A very dense raingauge observation network would meet such requirements, but such network is impracticable because of its difficulty in installation and maintenance (Wilson & Brandes ) .
Weather radars are increasingly being used as an alternative because of their capability of providing continuous spatial measurements and capability of detecting rainfall events to a hundred kilometers from the radar site (Wilson & Brandes ; Einfalt et al. ; Goudenhoofdt & Delobbe ) . However, use of weather radars has been more for qualitative measurement than for quantitative estimation of the rainfall field (Uijlenhoet ; Sempere-Torres et al.
).
The quantitative radar based rainfall estimates indeed may have large uncertainties because radars do not measure rainfall directly (Einfalt et al. ) . A radar measures the back scattered energy from precipitation particles, the reflectivity. The reflectivity factor 'Z' must be converted to a rain rate 'R'. Uijlenhoet () provides a detailed insight on the relationship between Z and R, and on the uncertainty in the estimation of R from Z. This uncertainty should be minimized before using radar data as input to water system simulation models by using suitable adjustment techniques (Wilson & Brandes ) .
Mostly three types of weather radars are used in hydrometeorology: S-band, C-band and X-band radars (Collier ) . The difference lies in the wavelength of the emitted electromagnetic waves. The S-band radars have the longest wavelength while the X-band radars have the shortest.
Using a larger wavelength for radar measurement would certainly enhance the usable range but problems arise from radar beam interaction with the ground. The shorter wave length radars, although having fine spatial resolution, suffer from attenuation significantly (Einfalt et al. ) .
Attenuation can be caused by adsorption and scattering of cloud droplets, atmospheric gases and precipitation (Delobbe & Holleman ) . Attenuation of radar signal increases with frequency. Due to this, the rainfall estimates from shorter wavelength radars especially those from X-band radar have to be applied very carefully. For shorter wavelength radars, rain storms close to the radar site are better sampled. Storms far from the radar sites will be sampled poorly. Hence, algorithms need to be developed by taking the attenuation effect into account. Recent algorithms are mainly based on the path integrated attenuation The volume correction is to cope with the risk of partial filling at larger range. After this, clutter removal is Table 2 presents the CF values for the different raingauges. Table 1 shows some basic characteristics of the RMI and LAWR radars.
Data periods
Owing to the rainfall patterns in Belgium, this study distinguished two data periods namely summer and winter storm periods. Convective rainfall is encountered in most of the summer storm cases and stratiform rainfall in both summer and winter periods. RMI radar data of some interesting storm periods were considered. These periods are named week 1 to week 4 as presented in Table 3; weeks 1 and 2 belongs to the summer period and weeks 3 and 4 to the winter period. The LAWR radar data are divided into two periods as per the setting of the signal processing parameters of the LAWR as presented in MFB correction (Equation (1)) assumes that the radar field can be corrected by a uniform multiplicative factor while the BRA (Equation (2)) is based on the principle of Brandes (). The BRA distributes correction factors from the raingauge sites to each radar grid cells based on the distance between them.
If both daily raingauge and radar accumulations are greater than 1 mm then these were considered as valid pairs. This ensures that the same data set is used for comparison. For all purposes, the average counts over nine radar pixels surrounding the raingauge location is used so as to limit the effect of wind drift which can be very signifi-
where MFB ¼ mean field bias; BRA ¼ Brandes spatial In order to evaluate the improvements achieved by each adjustment procedure, comparison on some goodness-of-fit statistics is made before and after an adjustment procedure.
Several of these parameters are found in the literature. However, the root mean squared error (RMSE) -Equation (3), mean absolute error (MAE) -Equation (4), relative fractional bias (RFB) -Equation (5) and Nash-Sutcliffe efficiency (NSE) -Equation (6) are used in this study. The RMSE and MAE are most common parameters used for verification studies. The RFB accounts for the bias of radar estimates to gauge value in a relative manner. The NSE is usually used to assess the predictive power of hydrological models (Nash & Sutcliffe ), but adapted for our case accordingly.
where N ¼ number of valid radar-gauge pairs; G i , R i ¼ gauge and radar daily accumulated values associated with gauge I, and G ¼ mean of gauge readings. 
Rainfall-runoff impact model

Rainfall-runoff model calibration and validation
The calibration period is selected from January 1, 2006 to goodness of fit statistics. We used two basic goodness-offit statistics, the mean squared error (MSE), Equation (7) and the Nash-Sutcliffe Efficiency (Nash & Sutcliffe ),
Equation (8).
Evaluation of impact results
While calibrating a rainfall-runoff model, it is sometimes possible to compensate the errors induced by systematic (9) is introduced to measure the performance of the calculated runoff (Q cal ) in comparison to Q ref .
where NSE obs and NSE ref ¼ modified form of Nash-Sutcliffe
RESULTS AND DISCUSSION
Evaluation of merging techniques on X-band LAWR
Using an average value of CF (as in Table 2) underestimate the rainfall intensities while for medium rainfall values, it is the reverse (Figure 4(a) ). This complexity can be attributed to the different types of precipitation events that were observed (e.g. deep thunderstorm convection to stratiform frontal system) in the summer half year, all of these rainfall patterns having different rainfall microphysics.
The applied Z-R relationship also might play a role as differ- storms. At higher elevation, the radar signal samples snow rather than raindrops which can lead to huge underestimation of the reflected power hence the underestimation of rainfall rates. The underestimation in winter period is also reflected by a rather high MFB value of 2.217. After the MFB correction, the rainfall bias strongly reduces (Figure 4(b) ).
After the MFB adjustment, the smoothed radar field was subjected to the BRA adjustment. Subsequent improvement on the radar estimates are clearly reflected in the goodnessof-fit statistics. Significant improvements are observed in the winter weeks. The initial NSE of À0.10 is improved to 0.66 after the adjustments in the winter weeks ( Figure 5(b) ). In terms of the RMSE, the summer weeks showed higher value of 4.90 mm compared to 3.76 mm of the winter weeks. The MAE, however, does not show the same trend.
The MAE is lower in summer weeks (3.02 mm) than in winter weeks (4.38 mm) ( Figure 5(a) ).
Comparison of C and X-band estimates Table 5 shows different statistical indicators for the summer and winter periods after the adjustment procedures are applied on the LAWR and RMI estimates. As the statistical Better performance of the LAWR estimates could be attributed to its high resolution (125 × 125 m) compared with the RMI (600 × 600 m). After adjustment, the LAWR estimates tend to represent the summer period better than the winter period, while the RMI estimates tend to represent the winter weeks better than the summer weeks. For winter weeks (week 3 and 4), the situation is in the reverse. sites (four sites were tested, details on Goormans et al. )
but some patches of strong clutter are observed in short distances and in a south-west direction (Goormans et al. ) .
The resulting reflectivity values on those patches would result in zero or near zero reflectivity values while subtracting the clutter map. This issue either requires special ground clutter adjustment algorithms or more advanced radar-gauge merging techniques. In this study, we limit ourselves to the above-mentioned radar-gauge merging techniques; see under 'Radar-gauge comparison and merging'. 
Rainfall-runoff model calibration
CONCLUSIONS
The paper evaluated the accuracy of C-and X-band radar estimates. The adjusted radar estimates were used as input in a lumped conceptual model to simulate stream flow. The main conclusions that can be drawn from the study are as follows.
Raw radar estimates need to be adjusted using suitable radargauge merging techniques before being used as input in any model especially if the raw radar reflectivity values are not corrected for multiple sources of errors (ground clutter, advection, attenuation, vertical profile of reflectivity, etc).
The simple gauge-radar merging techniques such as range dependency adjustment, mean field bias correction and Brandes spatial adjustment can improve the radar estimates to a great extent.
The adjusted radar estimates of the X-band local area weather radar were found to be more accurate than estimates of the C-band radar.
In terms of stream flow simulation, the predictive capabilities of adjusted radar estimates did not show much difference compared to raingauges for the winter weeks.
This was, however, different for the summer weeks. This study is carried out using data from a relatively short period, which is one of the limitations of the study.
Also, the rainfall microphysical structures are not ana- 
